subjects that their primary task was to report the two digits, so that their attention would be diverted from the colored shapes. Subjects were very accurate in reporting the digits, but their reports of the stimuli between the digits included a large number of illusory conjunc- in a task in which subjects searched for one of two is which? Coherent perception of even a single object target letters in an array and then reported its color. requires that the properties of that object be coordinated Subjects' reports included more illusory conjunctions or bound together. As discussed elsewhere in this issue when the letters formed a word or a pronounceable of Neuron, information about these properties appears nonword than when the letter string was unpronounceto be distributed across many different brain areas. This able. Treisman and Paterson (1984) found that some separation of different types of information about a sinsubjects perceived an arrow when presented with arrays gle object raises the possibility of a "binding problem." containing the appropriate shape components (a line This paper will review some of the psychophysical eviand an angle). Some of their subjects could also comdence indicating that this is a real problem that is faced bine an angle and a line into an illusory triangle, but only and, under most circumstances, solved by the visual if circles were also present in the array, presumably to system. We will also discuss contrary evidence that sug- Prinzmetal et al., 1995).
These linkages may be built and maintained by attention, at least at some levels, thus preventing illusory conjunctions. Treisman's more recent views are less absolute (Treisman, 1996). Still, one of the main claims of Feature Integration Theory (Treisman and Gelade, 1980) and related In a somewhat similar vein, Butler, Mewhort, and models like Guided Search (Wolfe, 1994a) is that the Browse (1991) claimed that illusory conjunction errors features belonging to visual objects cannot be accudemonstrate more about the encoding strategy used in rately bound together into object representations in the a particular task than about the basic properties of visual early, preattentive stage of visual processing. representations. They showed that the same stimuli Treisman and Gelade (1980) originally predicted that could produce different patterns of errors depending on subjects performing a feature search might be able to subjects' expectations. When subjects knew that they report the presence of a target feature in a display even would see only uppercase letters in each trial, they if they were unable to localize the target. The feature would sometimes combine a bar from a letter Q with a would be detected preattentively without the localizing letter P and report a letter R. However, when subjects effects of spatial attention. In conjunction search, howdid not know whether to expect upper-or lowercase ever, this dissociation would not be possible because letters, then their errors with the same uppercase stimuli conjunctions could not be detected without spatial atconsisted mainly of mislocating entire letters rather tention. Thus, if a subject could detect a conjunction than combining features from different letters. Butler, target, then they should also be able to localize it. TreisMewhort, and Browse concluded that subjects encode man and Gelade tested their prediction in two experithe stimuli as features in the first task and as letters in ments in which each search array contained one of two the second task. possible targets. In the feature search condition, the Illusory conjunctions are not limited to basic preattentarget had a color or shape not shared by any of the tive features: just as features can travel from object to distractors. Here, accuracy in reporting the target feaobject, letters can travel from word to word (Mozer, ture was above chance, even on those trials with large 1983; McClelland and Mozer, 1986). When Mozer's suberrors in the report of the target location. However, in jects viewed the two words "LINE" and "LACE," they the conjunction search task, subjects did not report the sometimes reported seeing "LICE" or "LANE." As in the conjunction features accurately unless they also corearlier demonstrations of illusory conjunctions, these rectly reported the location of those features. letter migrations occurred more often when attention Nissen (1985) provided additional evidence that color was diverted to other stimuli. They were also more likely and shape features from an object were combined via to occur when the two words shared some letters, and location. She presented subjects with an array of four they occurred just as often whether the letters in the objects, each with a unique shape and unique color. In two words matched in case or not, indicating that the one condition, one of the four possible locations was confusion occurred within abstract word representacued before each trial, and the subject reported the tions rather than between representations of individual color and shape at that location. Nissen predicted that letters or features (see also Treisman and Souther, 1986;  accuracy of the color and shape reports should be indeFang and Wu, 1989). Even more abstract errors appendent of one another, because subjects did not need peared in experiments by Virzi and Egeth (1984) , in which to determine one feature in order to determine the other. subjects confused the color named by a word and the The data were consistent with that prediction. In a seccolor of the ink with which it was written (see also Inond condition, a color was cued at the beginning of traub, 1985; Goolkasian, 1988). each trial. Subjects were asked to report the location To summarize, illusory conjunctions are clear eviand the shape of the object with the cued color. In this dence for some sort of problem with the correct binding condition, Nissen predicted that the accuracy of the of features to objects. The original conception of "free shape reports would depend in part on the accuracy of floating" preattentive features bound together by the the location reports, because subjects would have to glue of attention has been replaced by a view that illudetermine the target location before they could detersory conjunction phenomena can occur when linkages mine its shape. The data showed that the shape and accuracy reports were not independent, and that shape break down at any of a number of levels of processing. accuracy was very low when the location was reported incorrectly. From the first condition, Nissen estimated the proportion of targets for which the shape would be correctly reported once the location was known. Using this estimate and the proportion of correctly reported locations in the second condition, she was able to work out predictions for the second condition that corresponded fairly closely to the actual results.
Dissociating Detection and Localization of Features
Taken together, the Treisman and Gelade (1980) and Nissen (1985) results suggested that features could be , 1996a, 1996b) . The area were correct in concluding that features could be identisuffers from a pair of seemingly insurmountable probfied without being located. They suggested that even lems. First, accuracy and reaction time data, the meaif a feature's location had been correctly determined, sures of choice, can be readily altered by task manipulasubjects might not always be able to report its position tions. Second, data about the state of vision prior to accurately using Treisman and Gelade's system for rethe deployment of attention are derived from measures porting location. They also conjectured that accuracy taken after the stimulus is gone, just as in the illusory in reporting features may have been deceptively high conjunction experiments. This makes it hard to know if in Treisman and Gelade's experiment, because when a failure to report the locus or identity of a stimulus is subjects were unable to detect either of the possible the result of a failure to process or a failure to remember. target features, they might guess and report the target
We cannot be sure if subjects misperceive a combinathat was more difficult to detect (a "negative information of two features or misremember that combination.
tion" strategy). Johnston and Pashler performed their
To summarize this section, there is some evidence own version of the experiment in which the stimulus for a dissociation between identification and localization elements were arranged so that each location occupied of basic feature information. For present purposes, this a unique corner or side, making it easier to remember evidence supports the notion that there is a binding and report each location. They also tried to equalize problem in early vision. However, interpretation of these the discriminability of each of the two target features data has proven to be ambiguous and the experiments, (although they concluded from their results that they taken as a whole, make for a somewhat unsatisfying were only partially successful). They found only weak meal. Clearer evidence that the visual system faces evidence for identification without localization and conproblems in binding features into object representations cluded that the phenomenon was rare, at best. Thus, as shown in Figure 2 , it is easy to find the red item shape would be very small if the subjects used a reasonamong green distractors or the horizontal item among able guessing strategy when they failed to identify the vertical distractors. However, Treisman and Gelade features present. They then conducted their own ver-(1980) reported that the same features failed to produce sions of Nissen's experiments with some changes to efficient search when those features conjunctively deincrease their ability to detect nonindependence effects. fined the target (see the right side of Figure 2 ). They They increased the number of trials per subject, and found that a search for a red vertical target among red they selected their stimulus elements from a set of six horizontal and green vertical distractors produced an colors and six shapes (rather than the four used by inefficient search, consistent with a serial, self-terminatNissen) to limit the effects of guessing. They found the ing search through the items. In the original Feature nonindependence effects they expected: in many trials, Integration Theory, this apparent seriality was taken as subjects either reported both the color and shape corevidence that features were unbound prior to the arrival rectly or got them both wrong. tween them, and monitored one feature dimension for Nevertheless, because they are both composed of the changes between the two displays. With set sizes of up same preattentive bundle of features, search for one of to four, subjects could keep track of the color or shape or these among the other is quite inefficient (Wolfe and size or orientation of four objects without much trouble. Bennett, 1997).
Interestingly, performance was just as good when subjects had to look for changes that could occur in any of Evidence that There Is Not an Absolute the four features. Seemingly, subjects were now rememBinding Problem bering 16 pieces of information. We know, however, that The evidence discussed thus far indicates that the visual subjects could not remember the colors of 16 distinct system struggles with a binding problem and sometimes objects, so the results suggest that visual short-term loses. Prior to the arrival of attention, the features of an memory can hold approximately four objects and that all object seem to be rather loosely affiliated with each of the features of each object are recorded and bundled other. The relationship of color to orientation or squiggle to closed curve seems to be properly appreciated only together. , 1973) , a feature combination may produce some form of priming or adaptation. We can think of the features at this attention will be guided to items of the appropriate color. The visual search examples that point to failures of bindearly level as being loosely "bundled" together rather than tightly "bound."
ing (e.g., the pluses of Figure 4 ) must be carefully contrived to require binding without permitting guidance. In the absence of visual attention, the spatially organized maps of the visual field would prevent features
The second set of circumstances that produces a binding problem is exemplified by illusory conjunctions. from becoming truly "free floating." However, without the explicit representation of the relationships among When information is presented briefly or when sustained information is not recoded into memory, the spatial glue features, or "binding," permitted by the deployment of attention, it may not be possible to recognize these that holds bundled features together becomes degraded. Basic features with uncertain positions can spatially correlated bundles of features. The processes of object recognition require that features be tightly combine to produce illusory conjunctions. Recall that the stimuli are gone in most cases of illusory conjunc-"bound" rather than loosely "bundled," as they were in the earlier levels. The binding, however, is only possible tions, making accurate updating of spatial position impossible. for objects selected by attention, and not for all of the objects present at unselected locations in the visual We make no specific claims here about the neural substrate of binding. This account neither requires nor field.
The simple spatial association used in early vision contradicts a feature binding role for oscillations or some other form of synchronous neural firing, as has may not help in later stages of object recognition (i.e., the inferior temporal lobe), because specific information been proposed in a number of different contexts (e.g., von der Malsburg, 1981; Crick and Koch, 1990a, 1990b). about the location of each feature is no longer available. In order to avoid the combinatorial disaster of representWhatever the mechanism, we would be surprised if it did not produce an early, parallel bundling of features ing all objects in all orientations at all locations, cells with complex response properties respond to those into objects at specific spatial locations followed by a later selection of one or more of those bundles for more properties across large portions of the visual field. If information from multiple objects in the visual field were precise binding. In summary, this paper has described some of the represented simultaneously at this level, it would be difficult to determine which features belonged to which psychophysical evidence for binding problems in human vision. Other papers in this issue deal with the physiologobjects. Selective attention is the apparent solution to this aspect of the binding problem. If visual selection ical and/or computational solutions to these problems. Psychophysics points to two aspects of those solutions. mechanisms allow only selected objects or locations to be represented at this level, then the specific relationEarly stages of visual processing appear to be able to divide the world into proto-objects that are little more ships among features can be represented explicitly. In this way, a mechanism that is specialized for face recogthan loosely organized feature bundles at specific locations in space. These initial object parsing operations nition, for example, can receive two eyes, a nose, and are apparently performed in parallel across the visual field and prevent features from floating freely by tying them to spatial locations. Later stages, responsible for object recognition, require tighter, more accurate binding of features and more explicit representations of the relationships among the features. This more demanding stage is capacity limited. Attentional selection is used to restrict this more complete binding to the current object (or objects) of atttention.
